The reprocessing of actinides with long half-life has been non-existent except for plutonium (Pu). This work looks at reducing the actinides inventory nuclear fuel waste meant for permanent disposal. The uranium oxide fuel (UOX) assembly, as in the open cycle system, was designed to reach a burnup of 46GWd/T and 68GWd/T using the MURE code. The MURE code is based on the coupling of a static Monte Carlo code and the calculation of the evolution of the fuel during irradiation and cooling periods. The MURE code has been used to address two different questions concerning the mono-recycling of americium (Am) in present French pressurised water reactors (PWR). These are reduction of americium in the clear fuel cycle and the safe quantity of americium that can be introduced into mixed oxide (MOX) as fuel. The spent UOX was reprocessed to fabricate MOX assemblies, by the extraction of plutonium and addition of depleted uranium to reach burnups of 46GWd/T and 68GWd/T, taking into account various cooling times of the spent UOX assembly in the repository. The effect of cooling time on burnup and radiotoxicity was then ascertained. After 30 years of cooling in the repository, the spent UOX fuel required a higher concentration of Pu to be reprocessed into MOX fuel due to the decay of Pu-241. Americium, with a mean half-life of 432 years, has a high radiotoxicity level, high mid-term residual heat and is a precursor for other long-lived isotopes. An innovative strategy would be to reprocess not only the plutonium from the UOX spent fuel but also the americium isotopes, which presently dominate the radiotoxicity of waste. The mono-recycling of Am is not a definitive solution because the once-through MOX cycle transmutation of Am in a PWR is not enough to destroy all americium. The main objective is to propose a 'waiting strategy' for both Am and Pu in the spent fuel so that they can be made available for further transmutation strategies. The MOX and americium isotopes (MOXAm) fuel was fabricated to see the effect of americium in MOX fuel on the burnup, neutronic behaviour and radiotoxicity. The MOXAm fuel showed relatively good indicators on both burnup and radiotoxicity. A 68GWd/T MOX assembly produced from a reprocessed fuel spent 46GWd/T UOX assembly showed a decrease in radiotoxicity as compared with the open cycle. All fuel types understudied in the PWR cycle showed a good safety inherent feature with the exception of some MOXAm assemblies that have a positive void coefficient in specific configurations, which would not be consistent with safety features.
Introduction
The cooling time before the heat generation of spent fuel has declined to a level suitable for disposal in a geological repository is between 30 and 50 years. In current reprocessing facilities, used fuel is separated into its three components: uranium, plutonium, both of which can be recycled into fresh fuel, and waste containing fission products and minor actinides (Am, Np, Cm). The plutonium can either be stored or made directly into mixed oxide (MOX) fuel, in which uranium and plutonium oxides are combined. Americium combined in the glasses is produced essentially during the cooling period after irradiation by the decay of Pu-241. Am-241 is responsible for the high mid-term residual heat. This is the main dimensioning parameter for geological waste repository. Hence, it will be very interesting to reprocess Am together with Pu to minimize the midterm residual heat and also radiotoxicity of the waste. The vitrified waste is a high quality standardised product well suited for geological disposal. Plutonium in MOX is unstable in storage because of the build-up of americium-241, hence the mono-recycling of americium in the UOX once-through cycle of the pressurised water reactor (PWR) (standard French power reactor) [1] [2] [3] .
Analytical tool and methods
Several numerical and computational methods or approaches based on nuclear reactor physics, nuclear engineering and mathematical theories exist for performing reactor analysis. Computational transport methods are basically of two different approaches: stochastic and deterministic.
The MURE (MCNP utility for reactor evolution) code
The MURE code performs nuclear reactor time evolution using the particle transport code MCNP. It is written Environmental Research, Engineering and Management 2016/72/3 20 in an object-oriented framework, and a user can define their own way to interact with the evolution. It can also couple neutronics (with or without fuel burnup) and thermal-hydraulics [4, 5] . The MURE code can be used to 'easily' generate MCNP input files using the C++ interface. It constructs a nuclear tree network of radioactive decays and nuclear reactions of all nuclei involved in the evolution. This evolution of nuclear materials is achieved by solving the corresponding Bateman equations [6] (1) produced essentially during the cooling period after irradiation by the decay of Pu-241. Am-241 is responsible for the high mid-term residual heat. This is the main dimensioning parameter for geological waste repository. Hence, it will be very interesting to reprocess Am together with Pu to minimize the mid-term residual heat and also radiotoxicity of the waste. The vitried waste is a high quality standardised product well suited for geological disposal. Plutonium in MOX is unstable in storage because of the build-up of americium-241, hence the monorecycling of americium in the UOX once-through cycle of the pressurised water reactor (PWR) (standard French power reactor) [1] [2] [3] .
III. ANALYTICAL TOOL AND METHODS
A. The MURE (MCNP utility for reactor evolution) code
The MURE code performs nuclear reactor time evolution using the particle transport code MCNP. It is written in an object-oriented framework, and a user can dene their own way to interact with the evolution. It can also couple neutronics (with or without fuel burnup) and thermal-hydraulics [4, 5] .
The MURE code can be used to 'easily' generate MCNP input les using the C++ interface. It constructs a nuclear tree network of radioactive decays and nuclear reactions of all nuclei involved in the evolution. This evolution of nuclear materials is achieved by solving the corresponding Bateman equations [6]
The Bateman equations are solved in the interval ∆t with a 4th-order Runge-Kutta method using the ux and reaction rates calculated by MCNP to create new MCNP le at � � + � � � � + ��. Each time MCNP is called, the reactor fuel composition will have changed due to the ssion/capture/decay process, which has occurred in the material [6] .
. The Bateman equations are solved in the interval Δt with a 4th-order Runge-Kutta method using the flux and reaction rates calculated by MCNP to create new MCNP file at t i + 1 = t i + Δt. Each time MCNP is called, the reactor fuel composition will have changed due to the fission/capture/decay process, which has occurred in the material [6] . The MURE code was used to simulate various configurations of the UOX, MOX and MOXAm as- The MURE code was used to simulate various configurations of the UOX, MOX and MOXAm assemblies to achieve burnups of 46GWd/t and 68GWd/t. Cooling periods of 5 years and 30 years of spent UOX fuel assemblies were considered for the reprocessing of the americium of the spent UOX fuel. These years were chosen to simulate early reprocessing and late reprocessing of the spent UOX fuel. The radiotoxicity of various fuel configurations was investigated using the MURE code and analysed.
B. Burnup
The burnup of the reactor fuel can be increased by refuelling used assemblies (online or at shutdown), core fuel assembly shuffling and control adjustment. Use of irradiated assembly brings about lowering the criticality. In order to compensate the sub-criticality of old assemblies, new assemblies must be introduced into the core to keep the core critical.
C. The quadratic approach
The linear assumption did not strictly t burnups with low Pu quality and high Pu concentration of the MOX(Am) fuel, hence the quadratic approach.
semblies to achieve burnups of 46GWd/t and 68GWd/t. Cooling periods of 5 years and 30 years of spent UOX fuel assemblies were considered for the reprocessing of the americium of the spent UOX fuel. These years were chosen to simulate early reprocessing and late reprocessing of the spent UOX fuel. The radiotoxicity of various fuel configurations was investigated using the MURE code and analysed.
Burnup
The quadratic approach
The linear assumption did not strictly fit burnups with low Pu quality and high Pu concentration of the MOX-(Am) fuel, hence the quadratic approach. (2)
As shown in Fig. 3 , the burnup curve tting of MOX(Am) assembly to reach 68GWd/T is not in agreement with linear tting. The quadratic approach is adopted in all burnup analyses. Thus, assuming a quadratic tting of the form,
hence
Gathering terms by powers of T,
Solving for the period of one cycle T,
where 
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a decay chain, the radiotoxicity of the mother nuclide is calculated as the sum of all the diotoxicities of its daughters and expressed as
here f is the dose factor. The dose factors of nuclides are expressed in .
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In a decay chain, the radiotoxicity of the mother nuclide is calculated as the sum of all the radiotoxicities of its daughters and expressed as
where f is the dose factor. The dose factors of nuclides are expressed in Table 1 [ 7, 8] . 
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Fig. 3
MOXAm fuel assembly burnup to reach 68GWd/t fabricate from a 30-year cooled spent UOX fuel
Radiotoxicity
The radiotoxicity of a particular nuclide varies depending on whether it is inhaled or ingested. It is influenced by the energy of the rays (nuclear properties), location of absorption in the organism and residence time in the body.
In a decay chain, the radiotoxicity of the mother nuclide is calculated as the sum of all the radiotoxicities of its daughters and expressed as where f is the dose factor. The dose factors of nuclides are expressed in Table 1 Compilation of ingestion dose coefficients from ICRP Publication 72, 1996. Table 1 shows that plutonium and americium have high dose factors. 241-Pu with a low dose factor will be converted to 241-Am through beta decay after 15 years. This further increases radiotoxicity of spent assemblies being considered for permanent storage. In view of this, this work seeks to reprocess both Pu and Am in the spent UOX assembly into MOX and MOXAm fuel, respectively, in order to reduce the radiotoxicity of the spent UOX glasses being stored permanently. This will make these actinides available for incineration when fast reactors come online commercially.
Design consideration
The N4 type French pressurised water reactor (PWR) design of fuel pins and assemblies was used for this work. This French PWR can be fuelled with a mix core of UOX and MOX assemblies. The larger proportion of plutonium in the core shifts the neutron spectrum towards higher energy levels; this reduces the efficiency of control systems, and the boron concentration is set to 600 ppm as in a PWR moderator. The simulated fuel assembly is 4.75% the height of the normal fuel assembly with reflected surface at it boundaries to mimic the full length of the fuel assembly.
Results and discussion
In Fig. 4 , the radiotoxicity of the spent UOX fuel and the major contributing nuclides are shown along with the effects on radiotoxicity of various UOX glasses after Pu and Am extraction from spent UOX assembly for differing durations of pre-cooling.
From Fig. 4 it can be deduced that radiotoxicity levels of spent UOX assemblies will be greatly reduced if Pu and Am are extracted after 5 years or 30 years and tem-
Fig. 4
Linear curve fitting of MOXAm assembly burnup porarily stored for 100 years before permanent storage is considered. All extractions of the nuclides Pu and/or Am for various years show reduction in radiotoxicity as compared with the current French system. Extraction of Pu after 30 years showed an increase in radiotoxicity at 500 years due the beta decay of Pu-241 into Am-241 before the extraction of Pu.
Burnup of MOX and MOXAm fuel
16 fuel cycles (MOX and MOXAm) were simulated; however, promising MOX(Am) nuclear fuel cycles were featured in this article.
It was observed that bad Pu quality from an UOX cycle as a result of high Am concentration increases Pu concentration. Longer cooling times also increase Pu concentration in both MOX and MOXAm. Short UOX burnup produces high Pu quality, hence less Pu concentration in MOX to reach a required BU. The total americium production in the current French MOX ((Fr)MOX) cycle is increased by a factor of 1.69 when compared with the UOX once-through cycle at 46GWd/T.
Radiotoxicity of MOX and MOXAm
If MOX(Am) fuel is introduced in thermal reactors and we assume the whole world stop using nuclear power, the radiotoxicity of the MOX(Am) spent fuel must be considered. In both cases, radiotoxicity is dominated by minor actinides in the first 100 years, unlike that for the The MOXAm fuel assemblies in Fig. 5 . above show a reduction in americium when incorporated in a fuel assembly to be utilised in a reactor. Approximately 8 spent 5-year pre-cooled UOX fuel assemblies are required to fabricate similar 46GWd/t MOXAm fuel.
By visual inspection of Fig. 5 , the americium content in the MOXAm fuel is reduced, which has a direct reduction on radiotoxicity when this MOXAm fuel is stored in a geological repository as compared with its equivalent spent assemblies of the UOX fuel.
This is due to the hard spectrum of the MOXAm fuel spectrum as shown in Fig. 7 . The presence of the relative high population of fast neutrons tends to fission americium.
Similar to Fig. 4 , the size of the geological storage would be reduced if the reprocessed UOX glasses were temporarily stored for at least 100 years. The decay heat of the current French UOX glasses can be further reduced if extraction of the actinides considered is done at the right time.
Fig. 6
Geological storage of glasses from UOX reprocessing Fig. 7 Neutron spectrum of 46GWd/T UOX, MOX and MOXAm assemblies at beginning of cycle (BOC)
Basic safety analysis-decay heat
The decay heats of the simulated assemblies were considered using 3,457 isotopes. Fission products dominate the decay heat of all fuels analysed, and for the UOX fuel it lasted for the first 100 years, as shown in Fig. 7 .
Coolant void reactivity
A negative void coefficient is desirable because an accidental increase in void fraction will reduce reactivity and automatically shut down the chain reaction. It can be observed in Fig. 7 that the spectrum of the MOX and MOXAm fuel is harder as compared with the UOX fuel. This has effects on both void and temperature coefficients. Generally, both moderator and temperature coefficients are below the initial criticality as shown in Fig. 8 .
Except for MOXAm fuel fabricated from 30-year precooled UOX fuel which showed a positive void coefficient in some configurations, the rest of the MOXAm fuel understudy were with the safety margin. Please note that neutron leakage was not considered in this safety analysis. 
Conclusions
The mono-recycling of americium is intended to reduce radiotoxicity in the UOX glasses, which is bound for geological storage. The results show that, due to the high concentration of Pu in the MOXAm fuel (mixture of PuO 2 , UO 2 and AmO 2 ), the radiotoxicity of the MOXAm fuel fabricated from the UOX cycle of longer cooling time and longer burnup maintain their radiotoxicity as compared with the open UOX cycle from which they were fabricated (Fig. 5) . However, this makes americium available in the MOXam fuel cycle for incineration (transmutation) when fast reactors become commercialised.
The decay heat of UOX glasses was also reduced due the extraction of Pu and Am from the UOX spent fuel. This will go a long way to reduce the size of the geo-
